Resistance to apoptosis and ability to promote angiogenesis are integral features of the metastatic phenotype. Human gene CC3 is a metastasis suppressor for variant small cell lung carcinoma and a mouse melanoma in vivo. We have shown previously that metastasis-suppressing function of CC3 might be due at least in part to the ability of CC3 protein to predispose tumor cells to apoptosis. Here we demonstrate that CC3 has a previously unidenti®ed eect on the ability of tumor cells to induce angiogenesis in vitro. Expression of CC3 in three dierent tumor cell lines signi®cantly diminished their angiogenic character as manifested in the in vitro proliferation and migration assays with endothelial cells of both macro-and microvascular origin. Expression of CC3 induced changes in RNA levels of several angiogenic modulators consistent with the overall reduction in angiogenic properties. These results indicate that expression of CC3 has a dual eect on phenotype of tumor cells ultimately inhibiting their metastatic potential. Oncogene (2001) 20, 270 ± 275.
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The process of angiogenesis or sprouting of new capillaries from existing vessels is essential to tumor growth and metastasis. To stimulate angiogenesis tumor cells secrete a number of angiogenic factors such as ®broblast growth factors (aFGF and bFGF) and vascular endothelial cell growth factor (VEGF). Tumors also generate antiangiogenic factors among them thrombospondin (Good et al., 1990) , angiostatin (O'Reilly et al., 1994) , endostatin (O'Reilly et al., 1997) and others. The net balance between positive and negative regulators determines whether a tumor develops a new blood supply and means of survival and growth. The ability to induce and support angiogenesis is of particular importance for growth of micrometastatic lesions (Holmgren et al., 1995) .
Human gene CC3 was identi®ed as a novel metastasis suppressor gene of variant small cell lung carcinoma or SCLC (Shtivelman, 1997) . SCLC is a highly metastatic lung malignancy with neuroendocrine features (Dearing et al., 1990) . A very aggressive subtype known as variant SCLC (v-SCLC) has an even worse prognosis than classic SCLC (c-SCLC). In vivo studies using SCID-hu mice metastasis model showed that v-SCLC have a signi®cantly higher metastatic potential that c-SCLC (Shtivelman and Namikawa, 1995) . Expression of CC3 is absent in highly metastatic v-SCLC cells but found in the less metastatic c-SCLC tumor lines, in other tumors and in normal cells (Shtivelman, 1997) . Introduction of CC3 expression suppresses metastasis of v-SCLC cells in SCID-hu mice (Shtivelman, 1997) and of mouse melanoma B16 in a syngeneic metastasis model (Liu et al., 1999) . Analysis of the consequences of constitutive expression of CC3 in tumor cells showed that CC3 sensitizes v-SCLC cells to apoptosis induced by a variety of death signals (Shtivelman, 1997 , Whitman et al., 2000 . Loss of CC3 may increase survival of metastatic cells in circulation or within a micrometastatic lesion by conferring resistance to apoptosis induced by altered microenvironment.
CC3 encodes a relatively small protein of 30 kD that is highly conserved in evolution (Shtivelman, 1997) . Amino acid sequence of CC3 contains a weak but signi®cant homology to a large family of enzymes known as short chain dehydrogenases/reductases though no enzymatic function was demonstrated for CC3 protein (Baker, 1999) . CC3 was identi®ed independently as a cellular protein capable of binding to the HIV Tat protein and contributing to the transcriptional eects of the latter (Xiao et al., 1998) . In addition, deregulated expression of CC3 in v-SCLC cells was shown to lead to changes in expression levels of some cellular genes implying that CC3 might play a role in transcriptional regulation (Xiao et al., 2000) .
In this study, we set to examine the potential eect of CC3 on angiogenic properties of tumor cells in vitro as a possible factor in the metastasis-suppressing ability of CC3. First, we have examined the in vitro angiogenic character of SCLC lines whose metastatic potential correlates inversely with expression of CC3. To determine if the dierence in metastatic potential of v-SCLC and c-SCLC lines described earlier (Shtivelman and Namikawa, 1995) might correlate with the dierences in their angiogenic properties, we tested conditioned media (CM) from both types of SCLC cells in proliferation assays with human umbilical vein endothelial cells (HUVEC). Two cell lines N417 and H82 are representative of the highly metastatic v-SCLC and the other two, H69 and H146, are of less metastatic c-SCLC type (Shtivelman and Namikawa, 1995) . We found that CM from v-SCLC lines N417 and H82 stimulated HUVEC proliferation rate above that observed with control medium. Metastatic potential of SCLC lines inversely correlates with expression of CC3 that is found in the c-SCLC lines H69 and H146 but not in N417 or H82; expression of ectopic CC3 suppresses metastasis of N417 cells (Shtivelman, 1997) . We have therefore addressed the possibility that CC3 downmodulates angiogenic properties of N417 cells as a possible mechanism contributing to metastasis suppression. We have also decided to examine if expression of exogenous CC3 in CC3-negative or low metastatic cells other than v-SCLC will result in suppression of their angiogenic properties. CC3 expression was stably introduced into three tumor cell lines with undetectable levels of endogenous CC3 RNA and protein: v-SCLC N417, neuroblastoma SKNSH and glioblastoma U373; as well as melanoma C32 which has very low endogenous CC3 levels ( Figure 2 ). Cells were transfected with expression constructs for CC3 with or without epitope tags and expression was examined by RT ± PCR ( Figure 2a ) and by Western blot using both the antibody to the epitope tag where appropriate (not shown) or a polyclonal antibody raised against CC3 ( Figure 2b ). Cell clones with high levels of exogenous CC3 protein (shown in Figure 2 ) were chosen and used in experiments designed to evaluate potential eect of CC3 on secretion of angiogenic modulators.
We found that in three out of four cell lines expression of CC3 resulted in inhibition of HUVEC proliferation compared to that seen with CM of control clones (Figure 3a) . A signi®cant inhibitory eect was seen with N417 (2.7+0.9-fold), SKNSH (2.9+1.4-fold) and C32 (2.4+1.6-fold) but not with U373 (1.1+0.1-fold inhibition). A similar inhibitory Figure 1 Inhibition of endothelial cell proliferation by conditioned media from CC3-expressing c-SCLC cell lines. HUVEC cells were purchased from Clonetics Corporation, maintained in fully supplemented EGM-2 medium and used before or at sixth passage. To produce conditioned medium from tumor lines, cells were seeded at a density of 1610 5 cells per ml of RPMI-1640 supplemented with 10% FBS. Cells were allowed to proliferate for 2 days. The media were collected, aliquoted and stored at 7808C. HUVEC were seeded at a density of 1000 cells/well in a 96-well plate. Cells were allowed to adhere for 4 ± 6 h at which time the media was removed and 100 ml of a 1 : 1 mixture of EBM basal medium (Clonetics) and conditioned media (or control RPMI-1640 with 10% FBS) was added to each well. The cells were left to proliferate for 4 days and 0.25 mCi of [ Western blot analysis performed with total protein extracts prepared with cell lines indicated. Polyclonal serum raised against bacterially expressed CC3 protein was used. Dierent sizes of exogenous CC3 proteins are due to the fact that CC3 introduced into SKNSH and C32 cells had three HA epitopes at the C terminus, U373cc3 expresses exogenous CC3 with one HA epitope, while N417cc3 cells express untagged exogenous CC3 which therefore has same molecular weight as endogenous CC3 weakly expressed in C32 lines. No endogenous CC3 protein could be detected in N417, SKNSH or U373 cells even after prolonged exposure Oncogene CC3-induced inhibition of angiogenesis R NicAmhlaoibh and E Shtivelman eect on HUVEC proliferation was seen with CM collected from other clonal populations of N417cc3 and SKNSHcc3 (not shown). These results were further con®rmed by performing cell counts on CMtreated HUVEC (Figure 3b ). However, no decrease in cell viability was observed for cells grown in any of the CM, indicating that decreased cell number is not due to cell death (data not shown).
Endothelial cell migration is essential to the development of a new network of blood vessels to support tumor growth. To determine if CC3 expression leads to changes in ability of tumor cells to stimulate endothelial cell migration, cell migration/invasion assays were performed. HUVEC were allowed to migrate through a collagen interface towards CM collected from N417 and SKNSH clones. CM of N417 was found to be highly chemotactic for HUVEC stimulating their migration about twofold over control and to a greater extent than either 5 ng/ml bFGF or 20 ng/ml VEGF added to control medium (Figure 4) . However, CM of N417cc3 cells failed to stimulate migration of endothelial cells above that seen with the control medium. Although CM from SKNSH cells did not signi®cantly stimulate HUVEC migration, conditioned media from the CC3-expressing clone was found to inhibit migration almost threefold.
The speci®city of the inhibitory eect of CM of N417cc3 cells towards endothelial cells was examined with primary and established cells of dierent origins. Cells of endothelial and non-endothelial origin (Table  1) were tested for proliferation in the presence of CM of N417neo and N417cc3 cells. We found that the inhibitory eect of N417cc3 CM is observed with human lung microvascular endothelial cells (HMVEC-L) and with vascular smooth muscle cells (PASMC), a second cellular component of blood vessels. Inhibitory eect was less pronounced with normal human dermal ®broblasts (NHDF) and not signi®cant with immortalized NHDF line (NHDF-hT), immortalized rodent The upper side of the membranes was coated with 10 mg/ml collagen type I in PBS for 2 h at 378C. The membranes were rinsed twice with PBS and placed into chambers containing 500 ml of conditioned media, control media (RPMI-1640 with 10% FBS) or PBS. Subcon¯uent HUVEC cells were trypsinized and resuspended in basal medium with 0.5% BSA at a density of 5610 5 cells/ml. 100 ml of HUVEC cell suspension was added to the top of each migration chamber. Cells were allowed to migrate to the underside of the top chamber overnight at 378C in 5% CO 2 . Cells on the upper membrane were removed with a cotton swab, and the migratory cells attached to the underside of the membrane were ®xed, stained and counted under microscope using a 206objective lens. Cell migration was measured as the number of cells that migrated overnight towards conditioned media of indicated tumor lines, fresh RPMI-1640/10% serum media (control), or control media supplemented with 5 ng/ml bFGF (control+bFGF) or 20 ng/ml VEGF (control+VEGF). No migration towards PBS was observed in any of the experiments. Each bar represents the average of four or ®ve independent experiments. Statistical analysis of results revealed following P values for observed dierences in migration rates: 0.001 for Nneo versus Ncc3 (n=5) and 0.04 for SKneo versus SKcc3 (n=4)
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The inhibitory eect of CM from CC3 expressing cells may be due to a reduction of a stimulatory component secreted by CC3-negative parental cells rather than secretion of an active inhibitor. To address this issue endothelial cell proliferation assays were carried out in the presence of known stimulators of proliferation bFGF and VEGF. Both factors increased absolute levels of [ 3 H]thymidine incorporation when added to CM. However, the inhibitory eect of the N417cc3 CM relative to N417neo CM remained intact (Figure 5a,b) . This indicates that an active inhibitor of proliferation is likely to be secreted by CC3 expressing cells.
We have examined expression of several known angiogenic modulators in clones of N417, SKNSH and C32 cells by RT ± PCR analyses. Expression of RNAs for several known inhibitors of angiogenesis was analysed by RT ± PCR. We have found that the following gene products are either not expressed in cell lines examined or their expression is not aected by expression of CC3: thrombospondin (Good et al., 1990) , thrombospondin-like METH-1 and 2 (VaÂ zquez et al., 1999), PEDF (Dawson et al., 1999) , VEGI (Zhai et al., 1999) , MIG (Addison et al., 2000) , IP10 (Strieter et al., 1995) , and platelet factor 4 (Gentilini et al., 1999) . Expression of angiogenic stimulators bFGF, VEGF and TGFb1 was detected in all cell lines but was not aected by exogenous CC3 (not shown). Several factors listed below were found to be aected by CC3 in at least one of the pair of cell lines and those were further examined by Northern blot analysis (Figure 6a) . Expression of angiogenic stimulator angiopoietin 1 (Koblizek et al., 1998) was markedly reduced in C32cc3 cells. RNA for angiopoietin 2, an antagonist of angiopoietin 1 (Maisonpierre et al., 1997; Witzenbichler et al., 1998) was upregulated by CC3 in SKNSH and C32 cells. Low level of RNA for angiogenic inhibitor BAI1 (Nishimori et al., 1997) found in N417 cells was elevated in N417cc3 cells. Expression of RNA for inhibitor of angiogenesis SPARC (Kupprion et al., 1998) was somewhat elevated in SKNSHcc3 cells. All these changes are consistent with the reduced angiogenic character of cells forced to express CC3.
VEGF mRNA was also examined by Northern blot analysis in all cell lines though RT ± PCR did not indicate any changes in its levels depending on CC3. We found that VEGF levels are somewhat reduced in N417 and SKNSH cells in presence of CC3 but are slightly increased in C32cc3 cells. The changes were apparently not signi®cant enough to be detected by RT ± PCR. The Northern blot results were veri®ed by Western blot analysis (Figure 6b ) which detected very slight changes in expression of VEGF protein consistent with changes of VEGF RNA. We suggest that small changes in levels of VEGF induced by expression of CC3 (including a small upregulation in C32cc3 cells) might be too insigni®cant to play a key role in its eects on angiogenic properties. This is corroborated Conditioned media from N417neo and N417cc3 cells was applied to a variety of endothelial and non-endothelial cells in a 4 day proliferation assay. All primary cells were purchased from Clonetics and maintained in recommended medium (HMVEC-L in EGM-2MV, HUVEC in EGM-2, PASMC in SmGM-2 and NHDF in FGM-2 bullet kits). The immortalized NHDF (NHDF-hT) cell line, a gift of Dr E Venetsanakos, was maintained as NHDF. All primary human cells were used within three or four passages of receipt from supplier. Fold inhibition was determined as the fold dierence of The metastasis suppressing action of CC3 has been ascribed in part to the ability of this protein to induce sensitivity to apoptotic stimuli in originally nonresponsive tumor cells (Shtivelman, 1997) . In this study, we addressed the possibility that CC3 might adversely aect another important property of metastatic cells, i.e. their ability to stimulate angiogenesis. We show indeed that forced expression of CC3 in tumor cells has an inhibitory eect on their angiogenic characteristics in vitro. We propose that CC3 may have a dual eect on tumor cells promoting their apoptosis and inhibiting angiogenic properties thus preventing the establishment of metastases.
We show here that conditioned media collected from CC3-expressing tumor cells inhibits proliferation of macrovascular and microvascular endothelial cells, vascular smooth muscle cells and to a lesser extent normal ®broblasts. Migration of HUVEC is also diminished or inhibited by CM of CC3-expressing cells. This eect is not due to secretion of CC3 protein itself because repeated attempts to detect CC3 polypeptides in conditioned medium have not produced positive results in eect ruling out the possibility of CC3 being secreted (not shown).
The inhibitory eects described here were maintained in proliferation assays carried out in the presence of bFGF or VEGF indicating that CC3-expressing cells secrete an active inhibitor and not just lower levels of angiogenic stimulants. Indeed, we have found that mRNA levels of both angiogenic stimulants and inhibitors are aected by expression of CC3. The inhibitory protein BAI1 is upregulated in v-SCLC N417. In melanoma C32 expression of CC3 leads to downmodulation of RNA for angiopoietin 1 and at the same time upregulation of inhibitory angiopoietin 2. Levels of RNA for angiopoietin 2 and SPARC are elevated in neuroblastoma SKNSH expressing CC3 protein. It is likely that other angiogenic modulators might be aected by expression of CC3. It is interesting that CC3 is able to suppress angiogenic characteristics of three cell lines of dierent origins that were chosen on the basis of undetectable or low expression of endogenous CC3. Introduction of CC3 into these lines also results in increased susceptibility to apoptosis (Whitman et al., 2000 and unpublished results) .
CM from CC3 expressing cells inhibits proliferation of endothelium, vascular smooth muscle cells and to a lesser extent primary ®broblasts but not immortalized ®broblasts or transformed cells. Unlike speci®c inhibitors of endothelial cell proliferation such as endostatin (O'Reilly et al., 1997) and angiostatin (O'Reilly et al., 1994) , other modulators (aFGF, bFGF, angiogenin, thrombospondin, PDECGF, prolactin, TGF-b) aect multiple cell types. It is apparent that CC3 expression aects levels of expression of multiple genes whose products have biological activity towards endothelium but also towards other cell lineages.
Some inhibitors of angiogenesis are produced following post-translational modi®cations (Hanahan and Folkman, 1996) . Nevertheless we chose to examine eects of CC3 on mRNA levels of angiogenic modulators due to the existing evidence that CC3 acts as a transcriptional co-factor. Xiao et al., (1998) showed that CC3 or TIP30 acts as a cofactor in HIV-1 Tat-activated transcription. More recently it was reported that ectopic expression of CC3/TIP30 in v-SCLC cells induced expression of two pro-apoptotic genes and some other transcripts but also caused a signi®cant downregulation of expression of other genes (Xiao et al., 2000) . We have described here signi®cant changes in RNA levels of several angiogenic modulators induced by CC3. All cell lines examined here exhibited changes in expression levels of at least two genes whose products are active towards endothelial cells. However, not a single product was aected in all three lines examined. We suggest that the eects of CC3 on transcription are likely to be indirect and largely dependent on activity of other authentic transcription factor(s).
We show that inhibitor of angiogenesis BAI1 identi®ed originally as a transcriptional target of p53 (Nishimori et al., 1997) is induced by CC3 in p53-negative N417 cells. Another p53-responsive gene, PIG12, was shown to be induced in N417 cells (Xiao et al., 2000) . Our ®nding adds further to the speculation that p53 might act as an upstream CC3-induced inhibition of angiogenesis R NicAmhlaoibh and E Shtivelman regulator in a CC3-mediated signaling pathway (Xiao et al., 2000) .
In conclusion, we have shown that ectopic CC3 expression in three tumor cell lines leads to diminution of their ability to induce proliferation and migration of vascular cells in vitro. It is ®rmly accepted that in the absence of angiogenesis, apoptosis suppresses uncontrolled proliferation of micro-metastases (reviewed in Hanahan and Folkman, 1996) . The in vitro evidence support a model in which CC3 acts to inhibit angiogenesis within metastatic lesions as well as to promote apoptosis of tumor cells. These two eects would be synergistic in suppressing development of metastases. Further investigation will be required to determine the exact mechanisms whereby metastasis suppressor CC3 executes its role as an inducer of tumor cell apoptosis and inhibitor of angiogenesis.
